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FOREWORD

In September 1986, the Fuels Branch of the Aero Propulsion
Laboratory at Wright-Patterson Air Force Base, Ohio, commenced an
investigation of the potential for production of jet fuel from the
liquid by-product streams produced by the gasification of lignite at the
Great Plains Gasification Plant located in Beulah, North Dakota.

Funding was provided to the Department of Energy (DOE) Pittsburgh Energy
Technology Center (PETC) to administer the experimental portion of this
effort. This report details the effort of the National Institute for
Petroleum and Energy Research of the IIT Research Institute
(NIPER/IITRI), who, as a contractor to DOE (DOE Contract Number DE-FC22-
83FE60149 studied the storage and thermal stabilities of a JP-8 fuel
produced from the GPGP 1iquid by-product streams. DOE/PETC was funded
through Military Interdepartmental Purchase Request (MIPR) FY1455-86-
NO657. Mr. William E. Harrison III was the Air Force Program Manager,
Mr. Gary Steigel and Dr. Nand Narain were the DOE/PETC Program Managers,
and Dr. Raymond P. Anderson was the NIPER/IITRI Program Manager.
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EXECUTIVE SUMMARY

Results from a study of the storage and thermal stabilities of a
JP-8 fuel produced from the Great Plains Gasification Plan. 1iquid by-
products streams were compared with similar results for a conventional
petroleum-derived JP-8 fuel. Initial characterization and simulated
distillation data for the two fuels indicated the coal-derived fuel
contained more lower boiling material, a slight color, a high filtration
time, and a high particulate content (the latter three properties being
due to some suspended clay, most likely). Nevertheless, for the most
part both fuels met specification tests for JP-8.

Both fuels exhibited good oxidation stability according to test
ASTM D 2274 with the coal-derived fuel showing less sediment and color
formation but somewhat higher peroxide content. Storage stability tests
(aging at 80° C under 100 psig oxygen) gave the same results on both
fuels through 3 weeks of aging. However, between the third and fourth
weeks the coal-derived fuel deteriorated rapidly and exceeded the
petroleum-derived reference fuel in color and sediment formation as well
as peroxide content.

After separation of the coal-derived fuel into acid, base, and
neutral fractions, storage stability tests on the neutrals, neutrals +
acids, neutrals + bases, and neutrals + acids + bases (reconstituted
fuel) showed large amounts of sediments formed after 4 weeks aging in
each case with the neutrals alone producing the largest quantity.

Both fuels easily met specifications in terms of thermal stability
testing with the coal-derived fuel showing a higher breakpoint
temperature. Extended JFTOT (Jet Fuel Thermal Oxidation Test) runs were
conducted at temperatures slightly above the breakpoints to generate
filterable sediment and tube deposit samples for analyses.

Infrared analysis of a sample of sediment from the coal-liquid
derived JP-8 fuel storage stability tests was not very definitive;
however, the spectrum was very similar to that of the acid fraction
separated from the fresh fuel. Separation of the sediment sample using
NIPER's HPLC acid subfractionation method indicated the sediment was
composed primarily of carboxylic acids and difunctional acids.

Mass spectra of the filterable sediments and JFTOT-tube deposits
formed during extended thermal stressing runs of the coal-derived and
petroleum-derived fuels were remarkably similar, indicating that the
same or similar compound types were responsible for solids formation in
both fuels.

When mass spectra of the filterable sediment from either fuel were
compared with those of the tube deposit from the same fuel, a number of
similarities were found as well as some significant differences. Both
sets of spectra showed molecular- and fragment-ion peaks for aromatic
and nonaromatic hydrocarbons and for compounds containing one to three




oxygens. Strong peaks were observed in the spectra of the filterable
sediment corresponding to aromatic compounds containing one nitrogen.
These peaks were much weaker or absent in the spectra from the tube
deposit. No spectra of the sediment or tube deposit from either fuel
showed any more than traces of sulfur-containing compounds.

An intense, nonaromatic fragment ion containing three oxygens was
identified in the spectra of the tube deposits from both fuels. This
ion was also found in the spectra of the filterable sediments from both
fuels although its intensity was much weaker. The ion could not be
correlated with a molecular ion from any particular compound type, but
it may have originated from an alcohol, ether, or some other type that
does not produce a significant molecular ion.

A 22-component hydrocarbon type mass spectral analysis method
applied to fresh samples of the two fuels and samples of the fuels after
stability testing was not sufficiently sensitive to detect any
significant changes in the composition of either fuel. On the other
hand, very significant differences were evident in the compositions of
the petroleum-derived fuel and the coal-derived fuel when one was
compared to the other. Field fonization mass spectral analysis of fresh
samples of the two fuels gave results in good qualitative agreement with
the 22-component method results. Comparison of the two methods on a
quantitative basis was not possible because of the lack of sensitivity
factors for the FI/MS data. However, the FI/MS analysis did indicate
relatively high concentrations of components with carbon numbers less
than twelve in both fuels which are outside the range C,, to C;¢ for
which the 22-component method is strictly applicable.

Although neither the analyses of the fresh, aged, and stressed
fuels nor the structural information obtained through mass-spectral
analysis of the filterable sediments and tube deposits led to
identification of any specific precursors responsible for solids
formation in the two fuels in the study, the results presented do
demonstrate the potential of the methods for studying the mechanisms
leading to fuel degradation under conditions of high temperature, such
as those encountered in turbine engines.

INTRODUCTION

An investigation of the potential for production of jet fuel and
other commercial products from the 1iquid by-product streams produced by
the gasification of lignite at the Great Plains Gasi/ication Plant
(GPGP) located in Beulah, North Dakota, was begun in September 1986 by
the Fuels Branch of the Aero Propulsion Laboratory at Wright-Patterson
Air Force Base, Ohjo. The GPGP produces about 14.5 MM SCF/D of
substitute natural gas, 2900 B/D of tar oil, 830 B/D of crude phenols,
and 650 B/D of naphtha from lignite. The 1iquid by-products are
normally used as boiler fuel in the gasification plant. The Department
of Energy and the U.S. Air Force began the program to investigate the
potential for increasing the economic viability of the plant and, at the
same time, create a reliable, constant source of jet fuel for Air Force
bases in the northern great plains area (1). As part of the overall




program, the National Institute for Petroleum and Energy Research, which
is operated by the IIT Research Institute under contract with the
Department of Energy has investigated the storage and thermal stability
of a JP-8 fuel produced from the GPGP 1iquid by-products.

Several decades of fuel stability studies have increased our
knowledge of the detailed chemistry causing degradation. Until
recently, most of the studies were focused on trace components (2-4).
However, our work on petroleum-derived jet fuels has shown that
degradation will continue even on neutral fractions of relatively clean
samples (5). In most research, ambient storage stability and high
temperature thermal stability are viewed as two separate issues. When
trace contaminants are a primary consideration, that may be
appropriate. However, our recent findings indicate that hydrocarbons
susceptible to degradation/oxidation at high temperatures are also the
initiators of ambient reactions.

The hydrocarbon compound type that seems to be emerging as one of
particular importance to fuel degradation is the cycloalkylaromatics
(such as tetralin) with a non-hydrogen entity aipha to the aromatic
ring. Of course, this type of compound stiucture is present at
significant levels in many coal liquids including the hydrotreated tar
oil distillates from the GPGP. Thus, determination of the storage and
thermal stabilities of jet fuel produced from the GPGP 1iquid by-
products is important in evaluating the quality of the fuel. In
addition, such samples would be of immense interest in providing further
information on fuel stability in relation to composition.

OBJECTIVES

1. To determine the relative storage and thermal stabilities of a
JP-8 fuel derived from the GPGP 1iquid by-product streams and a
conventional petroleum-derived JP-8 fuel.

2. To investigate the detailed chemistry relating fuel composition
with storage and thermal stabilities.

APPROACH

The approach for this investigation is outlined in the following
tasks.

Task 1. Initial Sample Characterization

Limited initial testing was performed to determine the degree of
degradation that may have occurred since prior characterization
elsewhere and to provide the baseline for the subsequent studies. This
testing included simulated distillation (ASTM D 2887), particulate
content (ASTM D 2776), filtration time, color, and viscosity.




Task 2. Storage Stability

The storage stability of the samples was determined by two
different methods. In the first, the samples were aged at 80° C under
100 psig oxygen for 1, 2, 3, and 4 weeks. The resulting aged samples
were analyzed for filterable and adherent solids, color, and
peroxides. Similarly, samples were aged by the current specification
oxidation test (D 2274) in which oxygen is bubbled through the sample
for 16 hours while in a bath at 95° C. A similar workup was performed,
so that results could be compared directly.

In addition, the coal liquid-derived jet fuel was separated into
acids, bases, and neutrals. Samples of the acids and bases
reconstituted with the neutrals, individually and together, were aged by
the first method. In addition, samples of coal-liquid-derived jet fuel
were mixed with the petroleum-derived jet fuel and aged by the first
method.

Task 3. Thermal Stability

Each of the samples was individually assessed for thermal stability
by running ASTM D 3241 at 260° C. Breakpoint determination runs were
made on each sample to find the temperature at which degradation becomes
significant. The samples were then stressed for extended periods of
time at a temperature approximately 10° C above the breakpoint
temperature to generate sufficient solids on the heated tube and on the
downstream filter to permit mass spectral analyses of the solids.

Task 4. Solids Analyses

Solids generated in Tasks 2 and 3 were characterized by infrared
spectroscopy, separation procedures, and probe microdistillation/high
resolution mass spectrometry in an attempt to determine their similarity
to analogous petroleum degradation products and provide as much detailed
compositional information as possible.

Task 5. Liquid Fuel Analyses

Limited analyses by high resolution electron impact and field
ionization mass spectrometry were performed on the liquid fuel samples
before and after aging/thermal stressing in an attempt to obtain
degradation mechanism information.

Task 6. Reporting

This final report presenting all of the information obtained and an
interpretation of that data in relation to fuel stability is the final
task of this project.

RESULTS AND DISCUSSION

The experimental results and discussion are given below in
accordance with the project tasks.




Task 1. Initial Sample Characterization

Initial characterization and simulated distillation data for the
JP-8 fuel produced from GPGP coal-derived 1iquids (No. 89-WEH-157)
designated NIPER Number 2987 are shown in table 1 and figure 1,
respectively, along with corresponding data from the reference
petroleum-derived JP-8 fuel. The coal-derived fuel showed a very slight
color which may have been due, at least in part, to suspended clay,
which in turn is the most logical explanation for the high filtration
time and particulate content observed. Both fuels passed the viscosity
specification easily. In addition, both fuels met the distillation
specification except for slightly exceeding the maximum value for the
endpoint temperature. Also, the coal-derived JP-8 did show more low-
boiling material than the reference fuel as can be seen in figure 1.
(Copies of the complete simulated distillation data are given in
Appendix A.) No peroxides were detected in the reference fuel, but the
coal-derived JP-8 showed a trace (0.5 ppm).

TABLE 1. - Initial characterization data for coal-liquid-derived
(#2987) and petroleum-derived (REF) JP-8 fuels

Fuel Specification
Property Method REF. #2987 Maximum
Color, Saybolt D 156 +29 +14 TBR
Viscosity, -20°C, cSt D 445 4.8 4.4 8.0
Particulate, mg/L D 2276 0.26 1.2 1.0
Filtration, time, min. MIL-T-831338 6.5 28 15
Appendix A
Peroxide, ppm D 3703 0 0.5 -

Task 2. Storage Stability

Oxidation stability test (ASTM D 2274) results for the two fuels
are summarized in table 2. The coal-liquid-derived fuel (No. 2987)
showed less sediment formation and color formation than the reference
fuel. Peroxide values for fuel 2987 were somewhat higher than the
reference fuel values. The storage stability test results summarized in
table 3 showed lower sediment formation and color values for the coal-
derived fuel through 3 weeks of storage at 80° C under 100 psig
oxygen. However, the coal-liquid fuel peroxide values were consistently
higher than the reference fuel values and reached a maximum value at
approximately 3 weeks. Between 3 and 4 weeks the coal-derived fuel
deteriorated significantly under these test conditions. A large
quantity of sediment was formed, the fuel darkened, and the peroxide
content decreased somewhat as has been observed with other fuels.
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TABLE 2. - Oxidation stability (ASTM D 2274) results for coal-liquid-
derived (#2987) and petroleum-derived (REF) JP-8 fuels

Aging Time 16 hours 40 hours
Fuel __ Fuyel

Property REF. 2987 REF. #2987
Filterable sediment, mg/100 mL 0.02 0.03 0.25 0.02
Adherent sediment, mg/100 mL 0.20 0.00 0.22 0.00
Total sediment, mg/100 mL 0.22 0.03 0.47 0.02
Peroxide, ppm, D 3703 0.8 3.0 3.6 8.4
Color, D 1500 L0.5 L0.5 1.5 LO.5

TABLE 3. - Storage stability results for coal-liquid-derived (#2987)
and petroleum-derived (REF) JP-8 fuels

Aging Time 1 Week 2 Weeks 3 Weeks 4 Weeks
Fuel Fuel Fuel Fuel
Property REF #2987 REF #2987 REF #2987 REF #2987

Filterable Sediment 0.8 0.3 1.3 0.5 1.5 1.0 2.7 9.1
mg/100 mL

Adherent Sediment 0.5 0.2 0.5 0.1 0.6 0.7 1.1 398
mg/100mL

Total Sediment 1.3 0.5 1.8 0.6 2.1 1.7 3.8 407
mg/100 mL

Peroxide, ppm 3.5 9.5 6.6 39.0 8.9 757 12.8 334
D 3703

Color, D 1500 Ll1.0 L0.5 L1.0 LO.5 L1.0 L0.5 L1.0 2.5

In order to determine the compound class(es) responsible for
sediment formation in aging experiments with fuel 2987, duplicate
sampies of the fresh fuel were separated into acids, bases, and neutrals
for aging experiments with reblended samples. The acid and base
fraction yields are given in table 4.

TABLE 4. - Acid and base fraction yields for separation
of fuel 2987, Wt %

Sample No. Acid Base Neutral Recovery
1 0.0436 0.0135 98.38 98.43
2 0.0382 0.0222 97.59 97.65
Average 0.0409 0.0178 97.98 98.04




In preparing the blends, the quantity of acid or base added to the
neutral fraction was such that the concentration of acid or base in the
blend would be the same as in the whole fuel. However, the acid
fraction did not completely dissolve in the neutral fraction, even after
several hours in an ultrasonic bath at 50° C. The blends were filtered
and the amount of undissolved acid (or base) determined. The actual
concentration of acid or base was then calculated and is shown in table
5. The base appeared to be dissolved completely; the amount of
undissolved material on the filter was insignificant.

TABLE 5. - Concentration of Acid or Base in Blends

Sample Concentration, wt %
Neutral + Acid, Bottle A: 0.0337 Acid
Bottle B:* 0.0323 Acid
Neutral + Base: 0.0337 Base
(Both bottles)
Neutral + Acid + Base: 0.0337 Acid
(Both bottles) 0.0178 Base

*The second bottle of the first blend broke when it was pressurized.
Consequently, a second blend was prepared for the second bottle.

In addition to the reblended samples described in table 5, samples
of fuel 2987 neutrals, fresh whole fuel 2987, and two blends of fuel
2955 (the petroleum-derived JP-8 fuel) in fuel 2987 were prepared for
aging at 80° C under 100 psig oxygen pressure in borosilicate glass
pressure vessels for 4 or 5 weeks. The samples are listed below:

Samples Aged:

# 2987, Neutral

# 2987, Neutral + Acid

# 2987, Neutral + Base

# 2987, Neutral + Acid + Base
# 2987, Whole fuel

Blend 1: 25% # 2955 + 75% # 2987
Blend 2: 75% # 2955 + 25% # 2987

Samples were aged in duplicate for all samples except the last two. The
volume of sample in each pressure vessel was 100 mL; the total capacity
of the vessels was approximately 200 mL. Results from the aging
experiments are summarized in tables 6 and 7. Aging time was 4 weeks
except where noted otherwise.




It is noteworthy that the induction period before formation of
significant quantities of sediment in the whole fuel was about 1 week
longer than for similar experiments conducted earlier. This slower
reaction rate may have been caused by a slightly different oven
temperature, or by some other unknown factor.

The neutral + acid results show a large difference between
duplicates. The duplicate samples were not identical as sample A was
prepared using separation Run 1 acids and B was prepared using Run 2
acids. Also, sample B was placed in the oven several days after sample
A. Whether the small difference in composition between samples A and B,
possible small differences in aging conditions, or some other unknown
factor was responsible for the different rate of sediment formation
could not be determined. The differences observed between other
duplicate sets are not surprising considering the rate at which the
sediment forms once it starts to form.

TABLE 6, - Sediment and peroxide formation in aged blends

Sediment, mg/100 mL Peroxide
Blend Bottie Filterable Adherent Total Number (ppm)
# 2987 Neutrail A 7.1 268,.8 275,9 400
B 19,4 553,3 572,7 195
Avg, 4243
# 2987 Neutral + Acid A 1.7 11,1 12,8 846
B 21,2 121, 142,3 1242
Avg, 77.5
# 2987 Neutral ¢+ Base A 5.3 134,3 139,6 746
B 5.9 250,4 256,3 an
Avg . '97 09
# 2987 Neutral + Acid + Base A 5.3 143,5 148,8 1323
B 4,9 170,6 175,5 1023
Avg, 162,1
# 2987 Whole Fuel A 0,7 0,2 0.9 243
'8 10.9 239.3 2501 1886
Avg, (different time periods)
Blend: 25% 2955, 75§ 2987 1.6 0.8 2.4 13.4
Blend: 75% 2955, 25% 2987 3.0 0.7 3.7 13.5

‘Aged 5 weeks, since there was no visible sediment after 4 weeks,




TABLE 7. - Color of fresh and aged blends (by ASTM D 1500)

Blend Fresh Aged

2987 Neutral A 0 2.5
B 0 2.5

2987 Neutral + Acid A 0.5 1.0
B 0.5 L2.0

2987 Neutral + Base A LO.5 2.0
B L0.5 L2.5

2987 Neutral + Acid + Base A L1.0 L2.0
B L1.0 2.0

2987 Whole Fuel A L0.5 0.5
1g L0.5 L2.0

Blend: 25% 2955, 75% 29871 Not measured 0.5
Blend: 75% 2955, 25% 29871 Not measured 1.0

IAged 5 weeks; all others aged 4 weeks.

It is interesting that the neutrals formed the largest amount of
sediment. Smaller, but very significant, quantities of sediment were formed
in samples of the neutrals with the acids, bases, and acids + bases
reblended. Also of interest are the results for the two blends of the
petroleum-derived and coal-liquid-derived fuels. In both samples, the
sediment formation chemistry appears to be controlled by the petroleum-derived
fuel even though its concentration varies from 25% to 75%. The sediment
formation, peroxide content, and color value for each of these two blends are
similar to the corresponding values for fuel 2955 as shown in table 3 (3.8
mg/100 mL, 12.8 ppm peroxide, and L1.0 color, aging time-4 weeks). The fact
that the fuel 2955/fuel 2987 blend data are more comparable to those of fuel
2955 suggests that fuel 2955 may have contained an antioxidant additive or
that some components of fuel 2955 are effective antioxidants. Note also that
the fuel 2955/fuel 2987 blend data are after 5 weeks aging as compared to the
earlier 4-week aging data for fuel 2955 alone.

Task 3. Thermal Stability

The JFTOT (ASTM D 3241) results for the petroleum-derived reference fuel
(#2955) and the coal liquid-derived fuel (#2987) are summarized in table 8.
Both fuels meet the specifications very easily. The coal-derived fuel is
stable to a higher temperature (295° C) than the reference fuel (275° C) as
determined by the breakpoint temperature tests.
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TABLE 8. - Thermal stability (ASTM D 3241) results for coal-liquid-
derived (#2987) and petroleum-derived (REF) JP-8 fuels

Conditions:

Tube Temp. 260° C  (500° F)

Fuel Flowrate 3 mL/min.

Test Duration 2.5 hours

Fuel

Property REF 2987 Specification
Tube Deposit Rating 1 1 3 maximum
Pressure drop, mm Hg 0.0 0.0 25 maximum
Breakpoint, ° C 275 295 260 minimum

For the extended runs to generate tube deposits and filtered sediments
for mass spectrometric analyses, the fuel flow system of the JFTOT was
modified so that the fuel flows from the heated test section through a 25-mm
filter holder to the variable speed pump of the thermal fouling tester, then
back to the spent fuel reservoir of the JFTOT. A fuel flow rate of 1 mL/min
was used.

In the first extended test run for the reference fuel (#2955), a nylon
filter with a pore size of 0.45 um was used. The tube temperature was 280° C
(5° C above breakpoint). The filter plugged and stopped the fuel flow after
only 7 hours. The filter was washed with heptane and dried in a vacuum
oven. The weight of sediment on the filter was 1.43 mg. The JFTOT tube was
not weighed.

For the second extended run with the reference fuel, a glass fiber
filter, Type GF/F, with a pore size of approximately 0.7 um was used. A1l
other experimental conditions were the same. A run of 10 hours gave no
detectable plugging of the filter. However, when the system was disassembled,
it was observed that the filter had partially disintegrated. The test filter
was washed with heptane by placing it on top of a 47-mm nylon filter (pore
size 0.8 ). The weight of sediment on the glass fiber filter was determined
to be 0.70 mg. However, it should be considered as a minimum value as some of
the partially disintegrated filter may have been lost during the experiment.
The stressed fuel was saved and stored in a freezer. The JFTOT tube with its
deposit was not weighed but was saved for mass spectrometric analysis.

The extended JFTOT run with the coal-liquid-derived fuel was conducted at
a tube temperature of 310° C (15° C above the breakpoint) using a 25 mm
diameter nylon, 0.45 um pore size filter. The fuel flowrate was again 1
mL/min. After 17 hours the filter plugged. A deposit of 0.4 mg on the tube
and a 2.0 mg quantity of sediment on the nylon filter were obtained.
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These materials have been analyzed and their compositions compared with
the compositions of corresponding materials produced from the petroleum-
derived reference JF-8 fuel as part of Task 4.

Task 4. Solids Analyses

Selected samples of sediments from the storage stability tests in Task 2
and JFTOT tube deposits and filtered solids from Task 3 were characterized by
infrared spectroscopy, acid subfractionation, and probe microdistillation/high
resolution mass spectrometry.

Infrared Analyses

A sample of the sediment produced upon aging the coal-liquid-derived JP-8
fuel (# 2987) at 80° C under 100 psi oxygen for 4 weeks was analyzed by
infrared (IR) spectroscopy. The spectrum was compared to similar analyses of
the acid fraction and base fraction separated from fresh fuel 2987. The
spectra for the three samples are shown in figure 2. The following
conclusions may be drawn from examination of the IR data.

a) An intense carbonyl band appears in each of the three spectra. Most
of the peak shapes and frequencies for the sediment and the acid
samples are similar.

b) Hydroxyl compounds are present in the acid and sediment samples. The
base fraction may contain a small amount of hydroxyl compounds but
interference from water in this sample precludes a definite
conclusion.

Sediment Separation

A portion of the sediment sample above was further characterized by
separation into six subfractions using NIPER's HPLC acid subfractionation
method. Yields of the six subfractions, which are separated according to
increasing acidity, are given in table 9 along with compound types typically
present in each subfraction. Any neutral or basic compounds present in the
sediment would be expected to separate into subfraction 1 along with the very
weak acids. The low recovery experienced was attributed to loss of material
in the work-up of subfraction 6 and possible retention of very polar material
on the HPLC column. The yield data and the HPLC chromatogram shown in figure
38 show that the bulk of the sediment sample was separated into subfractions 5
and 6 which typically contain carboxylic acids and difunctional acids,
respectively. Comparison of the sediment chromatogram (figure 3B) with the
HPLC chromatogram of the acid fraction from the fresh fuel 2987 (shown in
figure 3A), indicates the fuel acid fraction contains much more weak acid
material and the chromatograms show some similarity in the strong acid region
corresponding to subfractions 5 and 6. Detailed GC/MS analyses of these two
subfractfons could aid in determining the exact compound types present, but
was outside the scope of this project.
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FIGURE 2. - IR spectra for fuel 2987 sediment, whole
base and whole acid.
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Table 9. - HPLC separation of fuel 2987 sediment: subfraction
ylelds and typical compositions

Subfraction Yield, wt % Typical Composition
1 0.77 very weak acids, polynuclear
aromatic hydrocarbons
2 1.21 2-3 ring pyrrolic benzologs
3 1.21 4-5 ring pyrrolic benzologs
and hindered hydroxyaromatics
4 7.84 hydroxyaromatics
5 13.03 carboxylic acids
6 54.68 difunctional acids
Recovery 78.74

Mass Spectral Analyses

The methods used in the analyses of the JFTOT tube deposits and
filterable sediments from the reference and coal-derived fuels were developed
recently at NIPER as part of a similar project conducted for the Naval Air
Propulsion Center, Trenton, NJ (6,7). A mass-spectral technique, known as
probe microdistilllation/mass spectrometry or PMD/MS, was used to provide high
resolution mass spectra of the solids formed when the fuels were thermally
stressad in the JFTOT apparatus (8).

Deposits on the JFTOT tubes were sampled by machining their surfaces in a
lathe using a cleaned tool bit (6). Turnings containing each deposit were
then placed in a temperature-programmed quartz probe for introduction under
PMD/MS conditions into a Kratos MS-50 high resolution mass spectrometer
(Kratos Analytical Instruments, Manchester, U.K.). Probe temperature was
increased linearly at 10° C/min. Twenty to thirty spectra were recorded at a
resolving power of 10,000 to 20,000 over a temperature range from ambient to
greater than 400° C. Seventy eV electron impact was used for ionization to
maximize the signal-to-noise ratio on mass-spectral peaks being formed from a
limited amount of sample. Mass spectra were not recorded below m/z 70;
therefore, some lower molecular-weight homologues are not included in the
tabulated results.
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Because of the limited amounts of filterable sediments and the brittle
nature of the filters used with the JFTOT apparatus (nylon for fuel 2987 and
glass fiber for fuel 2955), the sediments could not be sampled by scraping
them from the filter surface. However, they were sampled successfully by
cutting small filter strips to be placed in the probe for introduction into
the mass spectrometer. Using this app.-oach, spectra of the sediments were
recorded under the same conditions as given for the tube deposits, except that
25 eV electron impact was used for ionization of the sediment from fuel
2955. The lower-energy ionization was selected to suppress intensities of
fragment-ion peaks, but this method did not appear to offer any advantage over
70 eV electron impact and was not used with the other samples. To avoid
thermal decomposition of the nylon filter used in the JFTOT apparatus during
experiments with fuel 2987, probe temperature was limited to approximately
300° C when mass spectra of the sediment on the filter were recorded.

Presentation of Results. To make a reasonable comparison in a limited
amount of space of results obtained from a large amount of mass-spectral data,
abbreviation in tabulated form is used to discuss the compound types
identified in the solids formed during fuel degradation. Each table presents
ions detected in homologous series corresponding to a particular elemental
composition. For example, ions arising from hydrocarbons are classified as
having C H2 compositions where 2 ranges from +2 to -23. Thus, molecular
ions for a’ Qy?benzenes (C.H ) are listed under a z number of -6. Major
fragment ions are given a?ong with molecular fons. These occur in series
having a z number one less than the number for molecular jons. For
alkylbenzenes, fragment ions thus occur in the C Hon.7 series (z number of
-7). No ion intensities are given, but the promineénce of homologues in a
particular series can be estimated from the number of molecular and fragment
ions detected for the series. The molecular mass of the first member of a
series is identified with the parent compound, e.g., 78 with benzene in the
alkylbenzene series. If the first ion detected in a molecular-ion series has
a mass less than the mass listed for the parent compound, the ion may arise by
rearrangement or it may belong to a series for another type not identified.

In either case, the fact that the ion cannot be a molecular jon in the listed
series is mentioned in a footnote to the table.

It is necessary to emphasize that names of compound types given in the
first column of the tables are intended to be suggestions only. Undoubtedly,
many of the ions having the specified elemental composition do arise from the
type indicated; however, others may originate from types not identified. In
the discussion that follows, names are restricted to those given in the tables
with the understanding that ions in the series can originate from other
compound types as well.

Analysis of Filterable Sediment and Tube Deposit from Fuel 2987.
Numerous compound types were detected in the solids formed during thermal
stressing of the jet fuel from coal, including those containing only carbon
and hydrogen as well as heteroatomic types containing oxygen and nitrogen. No
more than traces of compounds containing sulfur were found.

16




In tables 10 and 11, respectively, identification of hydrocarbons in the
filterable sediment and tube deposit is presented for the thermal degradation
of fuel 2987. A broad range of aliphatic and alicyclic compound types was
found in both solids. No molecular ions for alkanes were identified (nor were
they expected), but fragment ions corresponding to alky! groups were found
over a mass range extending to m/z 155 in the spectra from the sediment and to
m/z 183 in the spectra from the tube deposit. These fragments may arise from
alkanes or from other compound types having alkyl side chains. Numerous
molecular and fragment ions were recorded for olefins and cycloalkanes. These
compound types are distributed rather uniformly between the tube deposit and
the filterable sediment. For example, molecutar ions for dienes, cyclo-
alkenes, and bicycloalkanes were detected from m/z 68 to m/z 194 in the
spectra from both solids. The ions appear in the spectra over a broad range
of probe temperatures, indicating tha:c they arise from surface desorption and
by covalent bond rupture, i.e., by pyrolysis.

Many molecular and fragment ions from aromatic hydrocarbons were detected
in the spectra from the filterabl2 sediment and tube deposit. Alkylbenzene
homologues were identified in the sediment to 190 amu and in the tube deposit
to 162 amu. Indans and tetralins were found in both solids with molecular
masses extending to 188 amu. Aromatics with a greater degree of unsaturation
were evident in both sets of spectra. Six members of the naphthalene series
(z number of -12) were identified in the sediment spectra and five members in
the spectra from the tube deposit. The most highly aromatic types identified
in either set of spectra were the fluoranthenes and pyrenes (z number of
-22). One member of the series, the parent compound at m/z 202, was
identified in the spectra of the sediment, and three members (m/z 202, 216,
and 244) were found in the tube-deposit spectra.

A number of molecular and fragment ions containing one oxygen were
identified in the spectra from the filterable sediment and tube deposit.
These are seen in tables 12 and 13, respectively. Molecular ions for
aliphatic and alicyclic types (e.g., tetrahydrofurans) were almost nonexistent
in the spectra, and they were not expected based on the known fragmentation of
these types of compounds. However, a number of fragment ions for aliphatics
and alicyclics were detected, as noted in the tables.

Aromatics containing one oxygen were readily detected in both sets of
spectra. Several phenols were identified, as well as a number of more
unsaturated types, including naphthols and dibenzofurans. Compounds with a
greater degree of unsaturation appeared to be partitioned more toward the
filterable sediment than toward the tube deposit. As an 1llustration, four
fluorenones (parent mass of 180) were detected in the sediment, but none were
found in the tube deposit.
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Table 10. - Mass-spectrometric analysis of filterable sediment from

thermally stressed fuel 2987.

[dentification of hydro-

carbons,
Elemental
Suggested Composition: Homologous
Origin! ChHonsz Ions Detected
2 = +2 -
+1 71-155
Olefins, cycloalkanes (70) 0 70-140°
-1 69-167
Dienes, cycloalkenes (68), -2 68-194
bicycloalkanes -3 81-207
Cyclic dienes (66), -4 80-178
tricycloalkanes -5 79-191
Alkylbenzenes (78) -6 92, 106, 134, 148,
176, 190
-7 77-189
Indans (118), tetralins -8 76-188°
-9 75-173
Indenes (116), -10 74-200°
dihydronaphthalenes -11 73-157
Naphthalenes (128) 12 114-142, 170-212°
-13 113-211
Acenaphthenes (154), -14 126, 154°
biphenyls -15 125-195
Acenaphthylenes (152), -16 152-194°
biphenylenes, fluorenes -17 151-193
Anthracenes (178), -18 150-206>
phenanthrenes -19 163, 191, 205
Methylenephenanthrenes (190), -20 176, 190°
phenyinaphthalenes -21 189, 203
Fluoranthenes, pyrenes (202) -22 202
-23 215

1 . . s
Molecular mass of first member of homologous series in parentheses.

Series may contain rearrangement fons.

First members of series may represent rearrangement ions.
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Table 11. - Mass-spectrometric analysis of JFTOT tube deposit from

thermally stressed fuel 2987,

Identification of hydro-

carbons.
Elemental
Suggested Composition: Homologous
Origint CrhHon+ 2 Ions Detected
Z = +2 -
+1 71-183
Olefins, cycloalkanes (70) 0 70-140, 168°
-1 69-153
Dienes, cycloalkenes (68), -2 68-194
bicycloalkanes -3 81-179
Cyclic dienes (66), -4 80-192
tricycloalkanes -5 79-205
Alkylbenzenes (78) -6 78-162
-7 77-203
Indans (118), tetralins -8 76-188>
-9 75-187
Indenes (116), -10 74-186°,
dihydronaphthalenes -11 87-185, 213
Naphthalenes (128) -12 114-184°
-13 113-197
Acenaphthenes (154), -14 126, 154-196°
biphenyls -15 139-195
Acenaphthylenes (152), -16 152-208
biphenylenes, fluorenes -17 151-207
Anthracenes (178), -18 164-220°
phenanthrenes -19 163-205

Methylenephenanthrenes (190), -20
phenylnaphthalenes -21

Fluoranthenes, pyrenes (202) -22

176, 204, 218°
133, 189-217

202, 216, 244
145, 215, 229

1 . . .
2Molecu1ar mass of first member of homologous series in parentheses.

Series may contain rearrangement ions,

First members of series may represent rearrangement ions.
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Table 12. - Mass-spectrometric analysis of filterable sediment from

thermally stressed fuel 2987.

containing one oxygen.

Identification of compounds

Homologous
Ions Detected

Elemental
Suggested Composition:
Origin! CaHon+ 20

+2
+1
Tetrahydrofurans (72) 0
-1
Oihydrofurans (70) -2
-3
Furans (68) -4
-5
Phenols (94) -6
-7
Dihydrobenzofurans (120), -8
hydroxyindans -9
Benzofurans (118), -10
indanones -11
Naphthols (144) -12
-13
Acenaphthenols (170) -14
-15
Dibenzofurans (168) -16
-17
Fluorenones (180) -18
-19
-22

73

71-113, 239

70-112
69-139

68-110, 138
81-151

94-150
93-163, 191

120-162
105-175

104-188°
131-201

130-214°
143-199

156-226°
155-211, 253

168-210
181-209

180-222
207

218, 246

1 . ‘
Molecular mass of first member of homologous series in parentheses.
First member of series may represent rearrangement ion.

20




Table 13. - Mass-spectrometric analysis of JFTOT tube deposit from
thermally stressed fuel 2987. Identification of compounds
containing one oxygen.

Elemental .
Suggested Composition: Homologous
Origin! CoHone20 Ions Detected
2 = 42 -—
+] —-
Tetrahydrofurans (72) 0 72
-1 71-127
Dihydrofurans (70) -2 70-126
-3 69-139
Furans (68) -4 68-152
-5 81-165
Phenols (94) -6 94-122
-7 107-135
Dihydrobenzofurans (120), -8 106-162°
hydroxyindans -9 105-161
Benzofurans (118), -10 104-188°
indanones -11 131-173
Naphthols (144) -12 144-200
-13 157-185
Acenaphthenols (170) -14 184, 198
-15 155-197
Dibenzofurans (168) -16 182, 196
-17 181-209
Fluorenones (180) -18 -—-
-19 —

'Molecular mass of first member of homologous series in parentheses.
First member of series may represent rearrangement ion.
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Compound types containing two oxygens were identified in the spectra of
the filterable sediment and tube deposit, including nonaromatic and aromatic
carboxylic acids and dihydroxyaromatics. These are shown in tables 14 and
15. The aromatics are decidedly partitioned more toward the sediment. For
example, six benzoic acids and benzodioxoles were found in the spectra of the
sediment ranging from the parent compound (m/z 122) to homologues having five
alkyl carbons attached (m/z 192). On the other hand, in the spectra of the
tube deposit only one fragment ion attributabie to these compound types was
detected (m/z 149). Although molecular ions containing two oxygens were
detected in z series as negative as -18 in the spectra of the sediment, no
molecular fons in series more negative than -4 were detected in the
tube-deposit spectra.

Tables 16 and 17 show ions detected in homologous series corresponding to
compounds containing three oxygens. Because of the more complex nature of
these types, names are omitted except to note that fons in the -2 and -3 z
series are attributed to "multifunctional compounds" and that phthalates are
indicated by fragment rearrangement ions in the -10 and -11 z series,
particularly by the ion at m/z 149. Phthalates, especially dioctylphthalate,
are common artifacts seen in mass spectra, and no further discussion of this
type is warranted.

A very prominent peak appears in the spectra of the tube deposit at m/z
129, corresponding to a fragment ion of elemental composition CgHo0;. It must
arise from a nonaromatic oxygen-containing compound, such as an alcohol,
ether, or peroxide. None of these compound types would produce a significant
molecular jon. At first glance, m/z 129 might appear to have an elemental
composition of Cq4H,N, corresponding to quinoline or isoquinoline. However,
the accurately measured mass of the peak is consistently closer to the value
expected for the CHO, combination (129.0552) than for the CHN combination
(129.0578). Therefore, a composition of CoH,N is ruled out. The CgcHy0; fon
at m/z 129 is much smaller in the spectra of the filterable sediment, showing
that the corresponding compound(s) is strongly partitioned toward the tube
deposit.

Except for the compound(s) producing the m/z 129 peak, types containing
three oxygens are partitioned more toward the sediment than toward the tube
deposit. This is evident from the larger number of molecular and fragment
jons seen in table 16 as compared with the number appearing in table 17. This
difference is not easily explainable, but it may result from the relatively
low thermal stability of compounds containing alcohol or ether groups; that
is, these compounds may appear in smaller quantities in the tube deposit
because they have been thermally decomposed on the hot metallic surface of the
tube.

A number of ccmpounds containing one nitrogen were identified in the
filterable sediment, but only a few were found in the tube deposit, as seen by
comparing results in tables 18 and 19. The difference may be a consequence of
thermal decomposition of nitrogenous compounds on the hot tube surface.
Compound types prominent in the spectra of the filterable sediment include
pyrrolines (molecular ions from m/z 69 to 125 and 153) and aromatic types such
as pyridines (or anilines), showing molecular ions from m/z 79 to m/z 149.
Indolines, indoles, and quinolines (or isoquinolines) are abundant, as
indicated by the number of molecular and fragment ions detected in homologous
series for these types.
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Table 14. - Mass-spectrometric analysis of filterable sediment from
thermally stressed fuel 2987.

containing two oxygens.

Elemental
Suggested Composition: Homo 1ogous
Origin! CrHone 20 Ions Detected
z2 = +2 -
+1 257
Aliphatic carboxylic acids, 0 74, 256
esters -1 73-129, 157, 185, 213
Alicyclic carboxylic -2 100, 114
acids (86), esters -3 85-113
Hydroxyfurans, furanones (84) -4 112
-5 97, 111
Dihydroxybenzenes (110) -6 110-152
-7 123-151
Benzoic acids (122), -8 122-192
benzodioxoles -9 121-191
Hydroxybenzofurans (134), -10 134-218
coumaranones -11 133-203
Coumarins (146), -12 146-216
dihydroxynaphthalenes -13 159-201
Naphthoic acids (172), -14 172-214
biphenols -15 171-213
Hydroxydibenzofurans (184) -16 184-212
-17 197, 211
Biphenylene carboxylic acids -18 196, 210
(196), hydroxyfluorenones -19 -—

‘Molecular mass of first member of homologous series in parentheses.
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Table 15. - Mass-spectrometric analysis of JFTOT .ube deposit from
thermally stressed fuel 2987. Identification of compounds
containing two oxygens.

Elemental
Suggested Composition: Homologous
Origin! ChH2n+202 Ions Detected
Z = +2 _—
+1 229, 257
Aliphatic carboxylic acids, 0 74, 102, 116, 256
esters -1 73-227, 255
Alicyclic carboxylic -2 100, 114, 212
acids (86), esters -3 85-127
Hydroxyfurans, furanones (84) -4 98, 112, 154
-5 111
Dihydroxybenzenes (110) -6 -
-7 95-123
Benzoic acids (122), -8 -
benzodioxoles -9 149
Hydroxybenzofurans (134), -10 -—
coumaranones -11 147
Coumarins (146), -12 —
dihydroxynaphthalenes -13 -—
Naphthoic acids (172), -14 -—
biphenols -15 _—
Hydroxydibenzofurans (184) -16 ——-
-17 _—

Biphenylene carboxylic acids -18 ---
(196), hydroxyfluorenones -19 -—

'Molecular mass of first member of homologous series in parentheses.
Ion at m/z 95 probably originates from different molecular structure.
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Table 16. - Mass-spectrometric analysis of filterable sediment from
thermally stressed fuel 2987. Identification of compounds
containing three oxygens.!

Elemental
Suggested Composition: Homo 1ogous
Origin Cal2on+203 Ions Detected
zZ=+2 78, 162
+1 119-147
0 104, 146-174
-1 131, 145
Multifunctional compounds -2 116-172
-3 129, 157
-4 100, 128, 170
-5 141-183
-6 154, 182
-7 167, 181
-8 166, 208, 222
-9 221, 235
Phthalates -10 150-178, 220
-11 149-191

'Peaks overlap with those containing one nitrogen.
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Table 17. - Mass-spectrometric analysis of JFTOT tube deposit from
thermally stressed fuel 2987. Identification of compounds
containing three oxygens.!

Elemental
Suggested Composition: Homologous
Origin an2n+zo3 Ions Detected
2= +2 -
+1 -
0 ——
-1 ——-
Multifunctional compounds -2 2422
-3 129°, 143, 185, 241
-4 100, 128, 142
-5 127
-6 ——
-7 ———
-8 152
-9 151
Phthalates -10 -—
-11 149

‘Peaks overlap with those containing one nitrogen.
Very strong peak at m/z 129.
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Table 18. - Mass-spectrometric analysis of filterable sediment from

thermally stressed fuel 2987.
containing one nitrogen.!

Identification of compounds

Elemental
Suggested Composition: Homologous
Origin? CaH2n4N Ions Detected
Aliphatic amines zZ = +3 ---
+2 72-100
Pyrrolidines (71), +1 85
piperidines 0 70-112
Pyrrolines (69) -1 69-125, 153
-2 68-152
Pyrroles (67) -3 81, 95, 123
-4 80-150
Pyridines (79), anilines -5 79-149
-6 78-162
Indolines (119) -7 91-175°
-8 76-174
Indoles (117) -9 75, 103-173°
-10 88-158, 228
Quinolines (129), -11 129-171
jisoquinolines -12 114-184
Phenylpyridines (155) -13 127-183°
-14 140-196
Carbazoles (167) -15 153-181°
-16 152, 194, 208
Acridines (179), phenan- -17 179, 193, 221
thridines -18 178, 220
-19 163-191
-20 162-204, 232
Aminof luoranthenes (217), =21 217
aminopyrenes =22 188, 216-244

'Peaks overlap with those containing three oxygens.
Molecular mass of first member of homologous series in parentheses.
First members of series may represent rearrangement ions.
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Table 19. - Mass-spectrometric analysis of JFTOT tube deposit from

thermally stressed fuel 2987.
containing one nitrogen.!

Identification of compounds

Elemental
Suggested Composition: Homologous
Origin? CnH2n+zN Ions Detected
Aliphatic amines 2 = +3 - ,
+2 268, 296
Pyrrolidines (71), +1 ---,
piperidines 0 294
Pyrrolines (69) -1 -
=2 _—
Pyrroles (67) -3 --=
-4 —_—-
Pyridines (79), anilines -5 ——-
-6 —_—
Indolines (119) -7 —
-8 —-
Indoles (117) -9 -,
-10 242
Quinolines (129), -11 185, 241°
isoquinolines -12 -
Phenylpyridines (155) -13 -—-
-14 —_—
Carbazoles (167) -15 —
-16 _—
Acridines (179), phenan- -17 ---
thridines -18 _—
-19 -—
-20 —
Aminof luoranthenes (217), =21 ---
aminopyrenes =22 _—

1 s

Peaks overlap with those containing three oxygens.

Molecular mass of first member of homologous series in parentheses.
Ions probably originate from different molecular structure.
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Analysis of Filterable Sediment and Tube Deposit from Fuel 2955. In
spite of the different origins of fuel 2987 (coal 1iquid) and fuel 2955
(petroleum), mass-spectral analyses of solids formed by thermally stressing
the two fuels produced surprisingly similar results. Therefore, discussion of
the compositions of the filterable sediment and tube deposit from fuel 2955
will be limited mainly to differences found between the solids formed from the
two fuels.

Tables 20 and 21 show the identification of hydrocarbons in the
filterable sediment and tube deposit from fuel 2955. When these results are
compared with those in tables 10 and 11 for fuel 2987, it becomes evident that
the compositions of the hydrocarbons in the solids from the two fuels are very
similar. This observation suggests that the same hydrocarbons are
contributing to the formation of the solids in both fuels.

Compound types identified as having one oxygen in the filterable sediment
and tube deposit from fuel 2955 are given in tables 22 and 23, respectively.
When compared with the same types identified in the solids from fuel 2987
(tables 12 and 13), only slight differences are seen that may not be
significant. For example, only one dibenzofuran (mass 196) was detected in
the sediment from fuel 2955, but in the sediment from fuel 2987 four
homologues were found (masses 168 to 210). Several fluorenones were detected
in the tube deposit from fuel 2955 but not in the sediment from the same
fuel. The opposite was found for fuel 2987, i.e., fluorenones were detected
in the sediment but not in the tube deposit.

Fewer compounds containing two oxygens were found in the filterable
sediment from fuel 2955 than in the sediment from fuel 2987. This is seen by
comparing results in table 24 with those in table 14, Differences are
particularly evident for the more unsaturated species. No types with z
numbers more negative than -12 (coumarins and dihydroxynaphthalenes) were
detected in the fuel 2955 sediment, whereas, in the sediment from fuel 2987
types with z numbers as negative as -18 were identified (biphenylene
carboxylic acids and hydroxyfluorenones). In contrast, by comparing results
in tables 25 and 15, it is evident that more types containing two oxygens,
especially aromatics, were detected in the tube deposit from fuel 2955 than in
the 2987 deposit.

A very similar distribution of compound types containing three oxygens
was found between the filterable sediments from the two fuels as well as
between their tube deposits. Compare results in tables 26 and 27 with those
in tables 16 and 17. As mentioned previously, a very strong m/z 129 peak of
elemental composition C4Hy40; was found in the spectra of the tube deposit from
fuel 2987 (table 17). This same peak was present in the spectra of the 2955
tube deposit (table 27) although its intensity was not as strong as in the
2987 spectra. The CgHo0; ion was also detected in the spectra of the filter-
able sediment from fuel 2955; however, its intensity was much weaker than in
the spectra of the tube deposit from the same fuel (table 26 vs. table 27).
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Table 20. - Mass-spectrometric analysis of filterable sediment from

thermally stressed fuel 2955.

Identification of hydro-

carbons.
Elemental
Suggested Composition: Homo logous
Origin! CaHon+z [ons Detected
Z =+ ---

Olefins, cycloalkanes (70)

Dienes, cycloalkenes (68),
bicycloalkanes

Cyclic dienes (66),
tricycloalkanes

Alkylbenzenes (78)

Indans (118), tetralins

Indenes (116),
dihydronaphthalenes

Naphthalenes (128)

Acenaphthencs (154),
biphenyls

Acenaphthylenes (152},
biphenylenes, fluorenes

Anthracenes (178),
phenanthrenes

Methylenephenanthrenes (190),
phenylnaphthalenes

Fluoranthenes, pyrenes (202)

+1

0
-1

-2
-3

-4
-5

-6
-7

-8
-9

-10
-11

-12

-13

-14
-15

-16
-17

-18
-19

-20
-21

-22
-23

71-113

84-1122
83-139

82-124, 152
81-137

80-108
79-149

92, 1203
77, 105-1473

76-1324
75-145

74, 102-144+
101-157

128-170
127-169

1264
139-167

152-180
165-193

178-206
191

176+

215

IMolecular mass of first member of homologous series in parentheses.

2Series may contain rearrangement ions.

IPeaks at m/z 106 and 91 used as raference in 25 eV spectrum (omitted

from table).

“First members of series may represent rearrangement jons.
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Table 21. - Mass-spectrometric analysis of JFTOT tube deposit from

thermally stressed fuel 2955.

carbons.

Identification of hydro-

Elemental
Suggested Composition: Homologous
Origin! CnH2n+z Ions Detected
Z = 42 -—
+1 71-183
Olefins, cycloalkanes (70) 0 70-1682
-1 69-167
Dienes, cycloalkenes (68), -2 68-194
bicycloalkanes -3 81-193
Cyclic dienes (66), -4 80-150, 192
tricycloalkanes -5 79-191
Alkylbenzenes (78) -6 78-162
-7 77-161
Indans (118), tetralins -8 76-1463
-9 75-173
Indenes (116), -10 74-116, 1443
dihydronaphthalenes -11 87-171
Naphthalenes (128) -12 114-1843
-13 113-183
Acenaphthenes (154), -14 126-1823
biphenyls ~-15 139-181
Acenaphthylenes (152), -16 152-180
biphenylenes, fluorenes -17 151-193
Anthracenes (178), -18 178-206
nhenanthrenes ~-19 163-191
Methylenephenanthrenes (190), -20 1763
phenylnaphthalenes -21 133-161, 189
Fluoranthenes, pyrenes (202) -22 202
- 145

'Molecular mass of first member of homologous series in parentheses.

2Series may contain rearrangement ions.

3First members of series may represent rearrangement ions.
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Table 22. - Mass-spectrometric analysis of filterable sediment from

thermally stressed fuel 2955.
containing one oxygen.

Identification of compounds

Elemental
Suggested Composition: Homo logous
Origin! ChHon+20 lons Detected
2= +2 -
+1 ——-
Tetrahydrofurans (72) 0 ---
-1 71, 85
Dihydrofurans (70) -2 84-112
-3 83-111
Furans (68) -4 82-110
-5 95-123
Phenols (94) -6 94-150
-7 107-149
Dihydrobenzofurans (120), -8 120-162
hydroxyindans -9 105-161
Benzofurans (118), -10 132-174
indanones -11 131-173
Naphthols (144) -12 144-186
-13 157, 171
Acenaphthenols (170) -14 184
-15 155-183
Dibenzofurans (168) -16 196
-17 181
Fluorenones (180) -18 -
-19 _—

IMolecular mass of first member of homologous series in parentheses.
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Table 23. - Mass-spectrometric analysis of JFTOT tube deposit from
thermally stressed fuel 2955. Identification of compounds
containing one oxygen.

tlemental
Suggested Composition: Homologous
Origin! Calone 20 Ions Detected
z=+2 —--
+1 73, 87
Tetrahydrofurans (72) 0 72
-1 71-99, 127
Dihydrofurans (70) -2 70-112
-3 69-153
Furans (68) -4 68-152
-5 81-165
Phenols (94) -6 94, 122, 136
-7 93-135
Dihydrobenzofurans (120), -8 120-148
hydroxyindans -9 10£- 461
Benzofurans (118), -10 104-1602
indanones -11 131-173
Naphthols (144) -12 144-186
-13 157-185
Acenaphthenols (170) -14 170, 184
-15 155-183
Dibenzofurans (168) -16 182, 196
-17 181, 209
Fluorenones (180) -18 180-208
-19 —

IMolecular mass of first member of homologous series in parentheses.
2First member of series may represent rearrangement ion.
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Table 24. - Mass-spectrometric analysis of filterable sediment from
thermally stressed fuel 2955. Identification of compounds
containing two oxygens.

Elemental
Suggested Composition: Homologous
Origint CrHane202 Ions Detected
Z = 42 76
+1 -——
Aliphatic carboxylic acids, 0 74, 256
esters -1 73-185
Alicyclic carboxylic -2 -—-
acids (86), esters -3 85
Hydroxyfurans, furanones (84) -4 98
-5 ——
Dihydroxybenzenes (110) -6 124
-7 ——
Benzoic acids (122), -8 136-164
benzodioxoles -9 121-163
Hydroxybenzofurans (134), -10 148-176
coumaranones -11 161, 175
Coumarins (146), -12 174-202
dihydroxynaphthalenes -13 ---
Naphthoic acids (172), -14 -—
biphenols -15 -—-
Hydroxydibenzofurans (184) -16 -—

Biphenylene carboxylic acids -18 -—
(196), hydroxyfluorenones -19 ---

IMolecular mass of first member of homologous series in parentheses.
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Table 25. - Mass-spectrometric analysis of JFTOT tube deposit from
thermally stressed fuel 2955. Identification of compounds
containing two oxygens.

Elemental
Suggested Composition: Homologous
Origin! CrHonse202 Ions Detected
2 = +2 ————
+1 257
Aliphatic carboxylic acids, 0 74, 102, 116, 256,
esters 284
-1 73-227
Alicyclic carboxylic -2 86-114
acids (86), esters -3 85-127
Hydroxyfurans, furanones (84) -4 98, 112
-5 97, 111
Dihydroxybenzenes (110) -6 82, 96, 1242
-7 95-123
Benzoic acids (122), -8 122-164
benzodioxoles -9 121-163
Hydroxybenzofurans (134), -10 134-176
coumaranones -11 133-175
Coumarins (146), -12 146-174
dihydroxynaphthalenes -13 117, 159, 173
Naphthoic acids (172), -14 172, 186
biphenols -15 _—

Hydroxydibenzofurans (184) -16 -—
-17 ——

Biphenylene carboxylic acids -18 -—-
(196), hydroxyfluorenones -19 -—-

IMolecular mass of first member of homologous series in parentheses.
2First members of series may represent rearrangement ions.
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Table 26. - Mass-spectrometric analysis of filterable sediment from
thermally stressed fuel 2955. Identification of compounds
containing three oxygens.!

Elemental
Suggested Composition: Homologous
Origin CrHonez03 Ions Detected
Z =42 120-176
+1 119-203
0 118-216
-1 117-229
Multifunctional compounds -2 116-214
-3 129-199
-4 142-184
-5 155, 169, 197
-6 126-168, 196, 210
-7 167-195
-8 152, 166, 208
-9 _—
Phthalates -10 178
-11 149, 163
-12 190, 204
-13 _—

IPeaks overlap with those containing one nitrogen.
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Table 27. - Mass-spectrometric analysis of JFTOT tube deposit from
thermally stressed fuel 2955. Identification of compounds
containing three oxygens.!

Elemental
Suggested Composition: Homo logous
Origin CaHone203 Ions Detected
Z = +2 -
+1 ---
0 —-
-1 -—
Multifunctional compounds -2 116-144
-3 1292, 171, 185, 241
-4 128, 142
-5 —
-6 -
-7 ——
-8 152
-9 151
Phthalates -10 -
. -11 149, 163
-12 162
-13 -

IPeaks overlap with those containing one nitrogen.
2Strong peak at m/z 129.
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Tables 28 and 29 show ions containing one nitrogen identified in the
spectra of the filterable sediment and tube deposit, respectively, from fuel
2955. The corresponding compound types are seen to be distributed more toward
the sediment than toward the tube deposit. This same observation was noted in
the discussion above of the results from solids formed during thermal
stressing of fuel 2987. Although the compositions with respect to
nitrogen-containing compounds are similar in the sediments from the two fuels
(table 28 vs. table 18), fewer highly aromatic types were detected in the
spectra of the sediment from fuel 2955. For example, only one homologue for
acridines and phenanthridines (mass 193) was identified in the 2955 spectra,
but three were found in the spectra of the 2987 sediment (masses 179, 193, and
221). A few nitrogen-containing species were detected in the tube deposit
from fuel 2955 as compared to virtually none in the spectra of the 2987
deposit (table 29 vs. table 19). In this respect, several quinolines (or
isoquinolines) were identified in the tube deposit from fuel 2955, but the
presence of this compound type in the 2987 deposit is in doubt, as noted in
table 19.

Summary of Mass Spectral Results from the Analysis of Filterable
Sediments and Tube Deposits. Mass spectra of the filterable sediments and
JFTOT-tube deposits formed during thermal stressing of the coal-derived and
petroleum-derived fuels are remarkably similar, indicating that the same
compound types are responsible for solids formation in both fuels.

When spectra of the filterable sediment from either fuel are compared
with those of the tube deposit from the same fuel, a number of similarities
are found as well as some significant differences. Both sets of spectra show
molecular- and fragment-ion peaks for aromatic and nonaromatic hydrocarbons
and for compounds containing one to three oxygens. Strong peaks are observed
in the spectra of the filterable sediment corresponding to aromatic compounds
containing one nitrogen. These peaks are much weaker or absent in the spectra
from the tube deposit. No spectra of the sediment or tube deposit from either
fuel show any more than traces of sulfur-containing compounds.

An intense, nonaromatic fragment ion containing three oxygens was
identified in the spectra of the tube deposits from both fuels. This ion was
also found in the spectra of the filterable sediments from both fuels although
its intensity was much weaker. The ion could not be correlated with a
molecular fon from any particular compound type, but it may have originated
from an alcohol, ether, or some other type that does not produce a significant
molecular ion.

Although the structural information obtained through mass-spectral
analysis of the filterable sediments and tube deposits has not specifically
identified precursors responsible for solids formation in the two fuels, the
results presented demonstrate the potential of the method for studying the
mechanisms leading to fuel degradation under conditions of high temperature,
such as those encountered in turbine engines.
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Table 28. - Mass-spectrometric analysis of filterable sediment from
thermally stressed fuel 2955. Identification of compounds
containing one nitrogen.!

Elemental
Suggested Composition: Homo 1ogous
Origin? CaHonezN Ions Detected
Aliphatic amines zZ =43 -—-
+2 86, 114
Pyrrolidines (71), +1 _———
piperidines 0 84, 112
Pyrrolines (69) -1 -—
-2 82, 110
Pyrroles (67) -3 ---
-4 80, 94
Pyridines (79), anilines -5 93-177
-6 92-176
Indolines (119) -7 105-2033
-8 104-216
Indoles (117) -9 117-215
-10 116-214
Quinolines (129), -11 129-199
isoquinotlines -12 128-212
Phenylpyridines (155) -13 155-197
-14 140-210
Carbazoles (167) -15 167-209
-16 180-208
Acridines (179), phenan- -17 193
thridines -18 —
-19 —_—
-20 190, 204
Aminof luoranthenes (217), -21 ---
aminopyrenes =22 _—

1Peaks overlap with those containing three oxygens.
Molecular mass of first member of homologous series in parentheses.
3First members of series may represent rearrangement ions.
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Table 29. - Mass-spectrometric analysis of JFTOT tube deposit from
thermally stressed fuel 2955. Identification of compounds
containing one nitrogen,!

Elemental
Suggested Compcsition: Homo 1ogous
Origin? ChtonezN Ions Detected
Aliphatic amines 2 = +3 2973
+2 296
Pyrrolidines (71), +1 -
piperidines 0 70, 84
Pyrrolines (69) -1 -—
-2 68
Pyrroles (67) -3 -—-
-4 _—
Pyridines (79), anilines -5 ---
-6 106, 120
Indolines (119) -7 -—-
-8 —
Indoles (117) -9 -—
-10 144
Quinolines (129), -11 129-185
isoguinolines -12 128, 142
Phenylpyridines (155) -13 -—--
-14 ——
Carbazoles (167) -15 -—
-16 152
Acridines (179), phenan- -17 1513
thridines -18 -—
-19 149, 163
-20 162
Aminof luoranthenes (217), =21 ---
aminopyrenes -22 -

1Peaks overlap with those containing three oxygens.
2Molecular mass of first member of homologous series in parentheses.
3lons probably originate from different molecular structure.
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Task 5. Liquid Fuel Analyses

Samples of the two JP-8 fuels (NIPER Nos. 2955 and 2987) were analyzed by
high-resolution mass spectrometry before and after being subjected to the
storage, thermal, and oxidation stability tests reported under Tasks 2 and 3
above.

Altogether, eight samples were analyzed, four from fuel 2955 and four
from 2987. Each set of samples contained: (a) the fresh fuel; (b) fuel from
the JFTOT thermal stability test (ASTM D 3241); (c) fuel from 4-week storage
at 80° C; and (d) fuel from the oxidation stability test (ASTM D 2274).

A11 samples were analyzed in a Kratos MS-50 high resolution mass
spectrometer (Kratos Analytical Instruments) with sample introduction through
an all-glass expansion volume inlet (R. J. Brunfeldt Co.) operated at
300° C. The ion source temperature was 250° C. Seventy eV electron impact
was used for ion formation, and masses were separated at a dynamic resolving
power of at least 18,000. Ten or more spectra from one sample load were
recorded at a scan rate of 100 seconds/decade.

The mass-spectral data were analyzed with a 22-component hydrocarbon type
analysis program which provides a quantitative analysis for paraffins,
cycloparaffins, aromatics, and sulfur-containing compounds (9,10).

Typical results from the analysis of the petroleum-derived fuel samples
are given in tables 30-33. The fresh fuel sample and those from the stability
tests all have virtually the same compositions with each consisting of 83-85
vol. % saturated hydrocarbons, 15-17 vol. ¥ aromatic hydrocarbons, and less
than 1 vol. ¥ aromatic sulfur-containing compounds. These results show that
only minor changes occurred in the composition of fuel 2955 during stability
testing.

Tables 34-37 show typical results for the coal-liquid fuel samples. No
significant differences in the compositions occurred during stability
testing. However, when compared to the compositions of the petroleum-derived
fuel samples, quite significant differences are evident. The coal-liquid fuel
samples contain only 4-6 vol. ¥ paraffins as compared to 42-43 vol. %
paraffins in the petroleum-derived samples. In another significant
difference, the coal-liquid samples contain 41-44 vol. ¥ monocycloparaffins as
compared to 28-30 vol. ¥ monocycloparaffins in the petroleum-derived
samples. Alkylbenzene levels were similar in the coal-1iquid and petroleum-
derived samples (12 vol. %) while hydroaromatics (benzocycloparaffins, z = -8)
were more prevalent in the coal liquid (7-11 vs. 1-2 vol. ¥). No aromatic
sulfur-containing compounds were detected in the coal-1iquid samples although
small quantities were found in the petroleum-derived samples. Other
differences in the compositions of the fuels from the two sources are also
evident.

In summary, the 22-component hydrocarbon type analysis did not detect any
significant differences in the composition of either fuel upon stability
testing. On the other hand, very significant differences were evident in the
compositions of the petroleum-derived fuel ard the coal-1iquid fuel when one
was compared to the other.
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TABLE 30. Analysis of fresh petroleum-derived fuel 275§

by 22-component hydrocarbon type method

ANALYTICAL DIVISION
MASS SPECTROMETRY LABORATORY

PROGRAM 34 CALC. AT 15:17:54 ON 6/21/89
CUSTOMER: WE ACCT NO: BOS§17
RUN: 05159D. ACQU. AT 00:00:0 ON 5/15/89.

SAMPLE: 05159D9. 5/15/89. ANAL. OF FRESH FUEL 2955 BY HC22

C(N)H(2N+2) PARAFFINS 43.3
C(N)H(2N) MONOCYCLOPARAFFINS a7.8
C(N)H(2N-2) DICYCLOPARAFFINS 11.6
C(N)H(2N-4) TRICYCLOPARAFFINS 1.9
C(N)E(2N-6) TETRACYCL-OPARAFFINS .0
C(N)H(2N-8) PENTACYCLOPARAFFINS .0
C(N)H(2N-10) HEXACYCLOPARAFFINS .0
C(N)H(2N-12) BEPTACYCLOPARLF!INS .0
SATURATES 84.6
MONOAROMATICS .
C(N)H(2N) ALKYLBENZENES 11.4
C(N)H(2N-8) BENZOCYCLOPARAPFINS 1.5
C(N)R(2N-10) BENZODICYCLOPARAFFINS .0
DIAROMATICS
C{N)B(2N-12) NAPHTHALENES 2.5
C(N)R(2N-14) .0
C(N)H(3N-16) .0
TRIAROMATICS
C(N)H(3N-18) .0
C(N)H(2N-22) .0
TETRAAROMATICS
C(N}H(2N-24) .0
CI(N)H(2N-28) .0
AROMATICS 15.4
C(NIH(2N-4)8 THEIOPHENES .0
C(N)H(2N-10)S BENZOTRIOPENES .0
C(N)H(2N-16)8 DIBENZOTHIOPHENES .0
C(N)H(2N-22)S NAPHTROBENZOTHIOPHENES .0

SULFUR COMPOUNDS .0

CALCULATED %C= 85.9 %H= 14.1 STHIOPHENIC S=
AVERAGE C@#= 12.6 AVERAGE MW= 172.8

.00

PLEASE NOTE--
SAMPLE TYPES CORRECTLY ANALYZED
1. C12 TO C36, 250 DEG F TO 10%0 DEG ¥ HYDROCARBONS
3. QOLEFIN-FREE HYDROCARBONS
3. LESS TEAN 5% OXYGEN, NITROGEN, OR SULIUR coMPSs.
ONLY LISTED TYPES ARE CONSIDERED, ALL OTHERS IGNORED

MATRIX COMPOSITION:

MTX L] MTX L MTX L MTX L ]
1 72.0 2 24.6 3 3.4 4 .0
S .0 6 .0 7 .0 8 .0

Matrix selection based on distillation data

42




TABLE 31. Analysis of petroleum-derived fuel 2955 from JFTOT
thermal stability test (ASTM D 3241) by 22-component
-hydrocarbon type method

ANALYTICAL DIVISION
MASS SPECTROMETRY LABORATORY

PROGRAM 34 CALC. AT 13:18:41 ON 6/23/89
CUSTOMER: WH ACCT NO: BO6817
RUN: 05169B. ACQU. AT 00:00:0 ON 5/16/89.

SAMFLE: 05169B9. 5/16/89. ANAL. OF STRESSED FUCL 2955 BY HCz:2

C(N)H{2N+2) PARAFFINS - 42.3
C(N)H(2N) MONOCYCLOPARAFFINS 30.2
C(N)H(2N-2) DICYCLOPARAFFINS 8.3
C(N)H(2N-4) TRICYCLOPARAFFINS 2.3
C(N)H(ZN-6) TETRACYCLOPARAFFINS .0
C(N)H(2N-8) PENTACYCLOPARAFFINS .0
CINJH(2N-10)  HEXACYCLOPARAFFINS .0
CIN)JH(2N-12)  HEPTACYCLOPARAFFINS .0
SATURATES  83.1
MONOAROMATICS
C(N)H(2N) ALKYLBENZENES 11.9
C(N)H(2N-8) BENZOCYCLOPARAFFINS 1.5
C(N)H(2N-10)  BENZODICYCLOPARAFFINS .0
DIAROMATICS
C(N)H(2N-12)  NAPHTHALENES 3.4
C(N)H(2N-14) 1
C(N)H(2N-16) .0
TRIAROMATICS
C(N)H(2N-18) . .0
C(N)H(2N-22) .0
TETRAAROMATICS
C(N)H(2N-24) .0
C(N)H(2N-28) .0
AROMATICS  16.9
C(N)JH(2N-4)S  TEIOPHENES .0
C(N)H(2N-10)S  BENZOTEIOPENES .0
C(NJH(2N-16)S  DIBENZOTHIOPHENES .0
C(N)H(IN-22)S  NAPHTHOBENZOTHIOPHENES .0
SULFUR COMPOUNDS .0

CALCULATED %C= 86.0 SH= 14.0 NTHIOPHENIC Sm= .00
AVERAGE C#= 12.5 AVERAGE MWs 172.8

PLEASE NOTE--
SAMPLE TYPES CORRECTLY ANALYZED
1. C12 TO €36, 250 DEG F TO 1050 DEG F HYDROCARBONS
2. OLEFIN-FREE HYDROCARBONS
3. LESS THAN 5% OXYGEN, NITROGEN, OR SULFUR COMPS.
ONLY LISTED TYPES ARE CONSIDERED, ALL OTHERS IGNORED

MATRIZ COMPOSITION:

MTX 2 ] MTX ] MTX L ] MTX X
1 72.0 2 24.6 3 3.4 4 ]
S .0 ) .0 7 .0 8 .0

Matrix selaection based on distillatien data
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TABLE 32. Analysis of petroleum-derived fuel 2955 aged four weeks at

80° C by 22-component hydrocarbon type method

ANALYTICAL DIVISICN
MASS SPECTROMETRY LABORATORY

PROGRAM 34 CALC. AT 15:38: 8 ON 6/22/89
CUSTOMER: WH ACCT NO: BO6817
RUN: 0851591. ACQU. AT 00:00:0 ON 5/15/89.

SAMPLE: 05159111. 5/15/89. ANAL. OF FUEL 2955-80-12, AGED ¢ WKS, 80

C(N)H(2N+2) PARAFFINS 42.4
C(N)H(2N) MONOCYCLOPARAFFINS 27.§
C(N)H(2N=-2) DICYCLOPARAFFINS 10.1
CIN)H(2N-4) TRICYCLOPARAFFINS 2.6
C(N)H(2N-6) TETRACYCLOPARAFFINS .0
CI(N)H(2N-8) PENTACYCLOPARAFFINS .0
C(N)H(2N-10) HEXACYCLOPARAFTINS .0
C(NIH(2N-12) HEPTACYCLOPARAFFINS .0
SATURATES 82.7
MONOAROMATICS
C(N)B(2N) ALKYLBENZENES 12.4
C(N)E(2N-8) BENZOCYCLOPARAFFINS 1.6
CI(N)B(2N-10) BENZODICYCLOPARAFFINS .0
DIAROMATICS
CIN)H(2N-12) NAPHTHALENES 3.1
CIN)H(2N~-14) .0
C(N)H(IN-16) .0
TRIAROMATICS
C(N)H(2N-13) .0
C(N)H(2N-22) .0
TETRAAROMATICS
C(N)H(2N-24) .0
C(N)H(2N-28) .0
AROMATICS 17.9
CIN)H(2N=-4)}s THIOPHENES .0
CIN)H(2N-10)S BENZOTHIOPENES -3
CIN)H(2N-16}8S DIBENZOTHIOPHENES .0
CINIH(2N-22)8 NAFHTHOBENZQTHIOPHENES .0
SULFUR COMPOUNDS .3
CALCULATED %C= 85.9 NH= 14.0 SNTHIOPHENIC Se .05

AVERAGE C#= 12.5 AVERAGE MW= 173.1
PLEASE NOTE--
SAMPLE TYPES CORRECTLY ANALYZED
1. C12 TO C36., 250 DEG F TO 1050 DEG F HYDROCARBONS
2. OLEFIN-FREE HYDROCARBONS
3. LESS THAN S% OXYGEN, NITROGEN, OR SULFUR COMPS.
ONLY LISTED TYPES ARE CONSIDERED, ALL OTHERS IGNORED

MATRIX COMPOSITION:

MTZX % uTX L ] MTX % MTX %
1 71.0 32 25.6 3 3.4 4 .0
] .0 6 .0 7 .0 8 .0

Matrix selection based on disvillation data
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TABLE 33. Analysis of petroleum-derived fuel 2955 from oxidation
stability test (ASTM D 2274) by 22-component hydrocarbon
type method.

ANALYTICAL DIVISION
MASS SPECTROMETRY LABORATORY

PROGRAM 34 CALC. AT 12: 4:40 ON 6/27/89
CUSTOMER: WH ACCT NO: BO63817
RUN: 05158C. ACQU. AT 00:00:0 ON 5/15/89.

SAMPLE: 05159C10. 5/15/89. FUEL 2955~4 FROM OX. STAB. TEST, 40 HRS

C(N)H(2N+2) PARAFFINS 42.1
C(N)H(2N) MONOCYCLOPARAFFINS 29.9
C(N)H(2N-2) DICYCLOPARAFFINS 9.2
C(N)E(2N=-4) TRICYCLOPARAFFINS 2.0
C(N)H(2N-6) TETRACYCLOPARAFFINS .0
C(N)H(2N-8) PENTACYCLOPARAFFINS .0
C(N)H(2N-10) HEXACYCLOPARAFFINS .0
C(N)H(2N-12) HEPTACYCLOPARAFFINS .0
SATURATES 83.2
MONOAROMATICS o
C(N)H(2N) ALKYLBENZENES . 12.1
C(N)B(2N-8) BENZOCYCLOPARAFFINS ‘! 2.0
C(N)E(2N-10) BENZODICYCLOPARAFFINS .0
DIAROMATICS
C(N)H(2N-12) NAPETHALENES 2.2
C(N)H(2N-14) .1
C(N)E(2N-16) .0
TRIAROMATICS
C(N)H(2N-18) , .0
C(N)H(2N-22) .0
TETRAAROMATICS A
C(N)H(2N-24) .0
C(N)E(2N-28) .0
AROMATICS 16.4
C(N)H(2N-4)S  THIOPHENES .0
C(N)H(2N-10)S  BENZOTHIOPENES .4
C(N)B(2N-16)S DIBENZOTHIOPHENES .0
C(N)H(2N-22)S NAPETEOBENZOTHIOPHENES .0
SULFUR COMPOUNDS .4

CALCULATED NC= 85.9 S&H= 14.1 STHIOPHENIC S= .08
AVERAGE C#= 12.6 AVERAGE MW= 172.8

PLEASE NOTE——
SAMPLE TYPES CORRECTLY ANALYZED
1. C12 TO C26, 250 DEG F TO 1050 DEG F HYDROCARBONS
2. OLEFIN-FREE HYDROCARBONS
3. LESS THAN 5% OXYGEN, NITROGEN, OR SULFUR COMPS.
ONLY LISTED TYPES ARE CONSIDERED, ALL OTHERS IGNORED

MATRIX COMPOSITION:

MTX L MTX L ] MTX L MTX ]
1 72.0 2 24.6 3 3.4 4 .0
5 .0 6 .0 7 .0 8 .0

Matrix selection based on distillation data
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Analysis of fresh coal-liquid fuel 2987 by 22-component
hydrocarbon type method

TABLE 34.

ANALYTICAL DIVISION
MASS SPECTROMETRY LABORATORY

PROGRAM 34 CALC. AT 16:38:18 ON 6/22/89
CUSTOMER: WH ACCT NO: BO6817
RUN: O05169A. ACQU. AT 00:00:0 ON 5/16/89.
SAMPLE: 05169A9. 5/16/89. ANAL. OF FRESH FUEL 2987 BY HC22
C(N)H(2N+2) PARAFFINS 5.2
C(N)H(2N) MONOCYCLOPARAFFINS 42.9
C(N)B(2N-2) DICYCLOPARAFFINS 19.8
C(N)B(2N-4) TRICYCLOPARAFFINS 8.8
C(N)H(2N-6) TETRACYCLORARAFFINS .0
C(N)H(2N-8) PENTACYCLOPARAFFINS .0
C(N)JH(2N-10) HEXACYCLOPARAFFINS .0
C(N)H(2N-12) HEPTACYCLOPARAFFINS .0
SATURATES 76.7
MONOAROMATICS :
C(N)BH(2N) ALKYLBENZENES 11.9
C{(N)H(2N-8) BENZOCYCLOPARAFFINS | 9.0
C{(N)B(2N-10) BENZODICYCLOPARAFFINS .9
DIAROMATICS .
C(N)B(2N-12) NAPHTHALENES 1.4
C(N)B(3N-14) ' .0
C(NIH(2N~-16) .0
TRIAROMATICS
C(N)H(2N-18) .0
C(N)H(2N-22) ) .0
TETRAAROMATICS
C(N)H(2N-24) . .0
C(N)B(2N-28) .0
AROMATICS 43.3
C(N)H{(2N-4)S8 THIOPHENES .0
C(N)B(2N-10)8 BENZOTHIOPENES .0
C(N)B(2N-16)S DIBENZOTHIOPHENES .0
C(N)H(2N-22)S NAPHTHOBENZOTHIOPHENES .0
SULFUR COMPOUNDS .0
CALZULATED %C= 86.8 SH= 13.2 STHIOPHENIC 8= .00

AVERAGE C#= 12.6 AVERAGE MW= 173.1

PLEASE NOTE-- :
SAMPLE TYPES CORRECTLY ANALYZED
1. C12 TO C36, 250 DEG P TO 1050 DEG P EYD!OCAR.BONS
4. OLEFIN-FREE HYDROCARBONS
3. LESS THAN 5% OXYGEN. NITROGEN, OR SULFUR COMPS.
ONLY LISTED TYPES ARE CONSIDERED, ALL OTHERS IGNORED

MATRIX COMPOSITION:

MTX L MTX  J MTX ] MTX L]
171.8 2 23.9 3 4.3 4 .0
S .0 6 .0 7 .0 8 .0

Matrix selection based on distillation data
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TABLE 35. Analysis of coal-liquid fuel 2987 from JFTOT thermal
stability test (ASTM D 3241) by 22-component hydrocarbon
type method

ANALYTICAL DIVISION
MASS SPECTROMETRY LABORATORY

PROGRAM 34 HC22_2 CALC. AT 12:15:43 ON 6/29/89
CUSTOMER: WH ACCT NO: BO6817

RUN: 05169C. ACQU. AT 00:00:0 ON 5/16/89.
SAMPLE: 05169C9. 5/16/89. ANAL. OF STRESSED FUEL 2987 BY HC22

C(N)H(2N+2) PARAFFINS 3.9
C(N)B(2N) MONOCYCLOPARAFFINS 41.6
C(N)H(2N-2) DICYCLOPARAFFINS 24.0
C(N)H(2N-4) TRICYICLOPARAFFINS 6.6
C(N)H(2N-6) TETRACYCLOPARAFFINS .0
C(N)HB(2N-8) PENTACYCLOPARAFFINS .0
C{N}H(2N-10) HEXACYCLOPARAFFINS .0
C{(N)HB(2N-12) HEPTACYCLOPARAFFINS .0
. SATURATES 76.2
MONOAROMATICS .
C(N)H(2N-6) ALKYLBENZENES - 12.0
C(N)H(2N-8) BENZOCYCLOPARAFFINS 10.5
C{(N)H{2N-10) BENZODICYCLOPARAFFINS .3
DIAROMATICS :
C(N)H(2N-12) NAPHTHALENES 1.1
C(N)H{2N-14) .0
C(NVH(2N-16) ' .0
TRIAROMATICS
C(N)H(2N-18) .0
C(N)H(2N-22) .0
TETRAAROMATICS
C(N)H(2N-24) .0
C(N)B(2N-28) .0
AROMATICS 23.8
C(N)B(2N-4)S THIOPRENES .0
C(N)H(2N-10)S BENZOTHIOPENES .0
C(N)B(2N-16)S DIBENZOTHIOPHENES .0
C(N)H(2N-22]}8 NAPHTHOBENZOTHIOPHENES .0
SULFUR COMPQUNDS .0

CALCULATED %C= 86.8 SH= 13.2 STHIOPHENIC S= .00
AVERAGE C#= 12.6 AVERAGE MW= 173.1

PLEASE NOTE--
SAMPLE TYPES CORRECTLY ANALYZED
1. C12 TO C36, 250 DEG F TO 1050 DEG F HYDROCARBONS
4. OLEFIN-FREE HYDROCARBONS .
3. LESS THAN 5% OXYGEN, NITROGEN, OR SULFUR COMPS.
ONLY LISTED TYPES ARE CONSIDERED, ALL OTHERS IGNORED

MATRIX COMPOSITION:

MTX t MTX L MTX N MTX b ]
1 71.8 2 23.9 3 4.3 4 .0
L] .0 6 .0 7 .0 8 .0

Matrix selection based on distillation data
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TABLE 36. Analysis of coal-liquid fuel 2987 aged 4 weeks at
80° C by 22-component hydrocarbon type method

ANALYTIZAL DIVISICN
MASS SPECTROMETRY LABORATORY

PROGRAM 14 CALC. AT 11:22: 0 ON 6/23/89
CUSTOMER: WH ACCT NO: BO6817
RUN: 05159B. ACQU. AT 00:00:0 ON S/15/89.

SAMPLE: 05159B10. S5/15/89. ANAL. OF PFUEL 2987-80-10, AGED 4 WKs 380 C

CIN)H(2N+2) PARAFFINS 4.6
CIN)H(2N) MONOCYCLOPARAFFINS 44.3
C(N)H{2N-2) DICYCLOPARAFFINS el.l
C(NJH(2N-4) TRICYCLOPARAFFINS 9.1
CIN)H(2N-6) TETRACYCLOPARAFFINS .0
C(N)H(2N-8) PENTACYCLOPARAFFINS .0
C(N)H(2N=-10) HEXACYCLOPARAFTINS .0
CINIR(2N-12) HEPTACYCLOPARAFFINS .0
: SATURATES 79.1
MONOAROMATICS
C(N)H(2N) ALKYLBENZENES 12.0
C(NJH(2N-8) BENZOCYCLOPARAFFINS 6.7
CIN)H(2N-10Q) BENZODICYCLOPARAFFINS .9
DIAROMATICS .
CI(N)H(2N-12) NAPETHALENES 1.3
CIN)H{2N-14) .0
C(N)H(2N-16) : .0
TRIAROMATICS :
CIN)H(2N-18) ’ .0
CIN)H(2N-22) .0
TETRAAROMATICS
C(N)H{2N=-24) .0
C(N)H{2N-28) .0
AROMATICS 20.9
CINJH(ZN~4)S THEIOPHENES .0
CIN}JH(2N-10)S BENZOTHIOPENES .0
CINIH(Z2N=-16)S DIBENZOTHIOPHENES .0
C(HIH(2N-22)S  NAPHTHOBENZOTHIOPHENES .0
SULFUR COMPOUNDS .0

CALCULATED %C= 86.7 SH= 13.3 STHIOPHENIC S= .00
AVERAGEZ C#= 12.7 AVERAGE MWs 173.7

PLEASE NOTE~—
SAMPLE TYPES CORRECTLY ANALYZED .
1. C12 TOC C36, 250 DEG F TO 1050 DEG F HYDROCARBONS
2. QLEFIN~-FREE HYDROCARBONS
3. LESS THAN S% OXYGEN. NITROGEN, OR SULFUR COMPS.
ONLY LISTED TYPES ARE CONSIDERED, ALL OTHERS IGNORED

MATRIX COMPOSITION:

uTX % MTX % MTX ] MTX L ]
i 70.3 2 24.7 3 s.0 ) .0
5 Q 6 .0 7 .0 8 .0

Matrix selection based on distillation data
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Analysis of coal-liquid fuel 2987 from oxidation
stability test (ASTM D 2274) by 22-component hydrocarbon
type method

TABLE 37.

ANALYTICAL JIVISION
MASS SFECTROMETRY LABORATORY

PROGRAM 34 HC22_2

CALC. AT 12:47:34 ON 6/29/89

CUSTOMER: WH ACCT NO: BO6817
RUN: 06013%A. ACQU. AT 00:00:0 ON 6/1/89.
SAMPLE: 0601SAlZ. 6/1/89. FUEL 2987 FROM QX. STAB. TEST. 40 HRS
CINIH(ZW+2) PARAFFINS 6.0
CINJH(2N) MONOCYCLOPARAFFINS 41.0
CINJH(ZN-2) DICYCLOPARAFFINS 41.2
C(NIH(2N-4) TRICYCLOPARAFFINS 7.6
C(NIH(2N~§) TETRACYCLOPARAFFINS .0
C(N)H(2N-8) PENTACYCLOPARAFFINS .0
CIN)H(2N-10) HEXACYCLOPARAFFINS .0
C(NJK(2N-12) HEPTACYCLOPARAFFINS .0
: SATURATES 75.8
MONQAROMATICS
CINIH(Zl-8) ALKYLBENZENES 12.3
C(NIH(2N-8) BENZOCYCLOPARAFFINS 9.1
ClHH(2N-10) BENZODICYCLOPARAFFINS 1.3
DIAROMATICS
CINIH(2N-12) NAPHTBALENES 1.5
C(NIH(2N=-14¢) .0
C(N)H(2ZN-16) .0
TRIAROMATICS
C(N)H(2H~-18) .0
CIN)H(2N=-22) .0
TETRAAROHMATICS
ClN)H(2H-24) .0
C{HIH(2N=-28) .0
AROMATICS 24.2
C(NIH(Z2N=-4)s THIOPHENES .0
CiN)Hill-i0)s BENZOTHIOPENES .0
CIR)H(Zi-16)s DIBENZOTHIOPHENES .0
CLild{LL=22)8 NAPHTHOBENZOTHIOPHENES .0

CALCULATED %C= 86.8 NH= 13.2 SNTHIOPERENIC S=

AVERAGZ Ci#= 12.5
PLEASE NOTE--

SULFUR COMPOUNDS

AVERAGE MWa 173.1

.0
.00

SAMPLE TYPES CORRECTLY ANALYZED .
. C12 TO C36, 250 DEG F TO 1050 DEG F HYDROCARBONS
4. OLZFIN-FREE HYDAUCARBONS
3. LESS THAN 5% OXYGEN, NITROGEN, OR SULFUR COMPS.
ONLY LISTED TYPES ARE CONSIDERED., ALL OTHERS IGNORED

MATRIZ COMPOSITION:

ATX ] MTX L MTX % MTX .
Ti.3 2 23.3 3 4.3 4 .0
3 -0 6 .0 7 -0 ] .0 |

Matrix seiection based on disctillaction daca
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The two fresh fuel samples were analyzed by field ionization mass
spectrometry to provide an independent check of the results from the previous
HC-22 analyses on these fuels. The FI spectra were recorded with a Kratos MS-
50 high resolution mass spectrometer (Kratos Analytical Instruments) with
sample introduction through an all-glass expansion volume inlet (R. J.
Brunfeldt Co.) at a temperature of 300° C. The ion-source temperature was
250° C. A field-desorption emitter (Linden ChroMasSpec) operated at a
potential of 10 KV was used for ion formation, and masses were separated at a
dynamic resolving power of approximately 3,000. Twenty spectra from one
sample load were recorded at a scan rate of 100 seconds/decade. Intensities
from all 20 spectra were summed to give one spectrum with better signal-to-
noise ratio.

Table 38 shows results from the FI spectra recorded for fresh fuel
2955. To simplify the output, only relative intensities for even-mass peaks,
representing the most abundant isotopic molecular ions, are tabulated, i.e.,
isotope peaks have been omitted. The table is arranged according to nominal
mass Z series (NMZ), which classify jons by molecular mass and intensity into
homologous series. Thus, relative intensities under the +2 NMZ column heading
correspond to CnH2n+2 homologues (paraffins) and those under the -6 NMZ
heading to C Hyn.g Nomologues, e.g., alkylbenzenes. The sum of all
intensities ha$ been normalized to 1000. Although intensities have not been
multiplied by sensitivity factors, a good estimate of relative abundance of a
homologue in a given series with respect to others in the same series can be
obtained from its relative intensity. This is a reasonable assumption because
relative molar sensitivities are known to be fairly constant for homologues in
a series. Thus, in the +2 NMZ series, the homologue of molecular mass 156
corresponding to C,,H,, and having a relative intensity of 99.41 is the most
abundant member of that series. (In general, molecular ions in nominal-mass
FI spectra represent more than one isomer and possibly more than one compound
type. For example, m/z 156 in the spectrum could well represent more than one
paraffin isomer of elemental composition C,,H,,. The possibility also exists
that m/z 156 corresponds to one or more naphthalenes having an elemental
composition of C,,H,,. However, naphthalenes are relatively minor components
of fuel 2955, as shown by the high-resolution mass spectra recorded
previously. Therefore, their presence in fuel 2955 is neglected.)

Although uncorre fed intensities in FI spectra provide good estimates of
relative abundances . homologues in a given series, it is not true that
abundances of homologues in different series can be compared without including
sensitivity factors in the calculations. Thus in table 38, abundances of
homologues in the O NMZ series (monocycloparaffins) cannot be compared with
those in the +2 series because relative molar sensitivities of homologues in
the two series are significantly different.

50




TABLE 38. - Analysis of fresh fuel 2955 by field ionization
mass spectrometry

08079Z. 8/7/89. ANALYSIS OF FRESH FUEL 2955 BY FI/MS

REL I MASS NMZ NO./REL I
-10 -8 -6 -4 =2 0 +2
100 0.00
102 0.00
104 0.00
106 27.91
108 0.00
110 0.00
112 6.25
114 0.00
116 0.00
118 0.00
120 93.39
122 0.00
124 0.00
126 19.54
128 1.7
130 0.00
132 0.82
134 87.40
136 0.00
138 1.28
140 39.12
142 T72.66
14 0.00
146 8.59
148 53.30
150 0.00
152 5.98
154 43.05
156 9.4
158 0.00
160 15.92
162 29.08
164 0.00
166 11.09
168 33.53
170 64.92
172 0.00
174 16.46
176 13.37
178 0.00
180 16.01
182 4.7
184 40.95
186 0.43
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TABLE 38. - Analysis of fresh fuel 2955 by field ionization mass
spectrometry (contd)

188 9.63

190 8.08

192 0.57

194 11.36

196 29.82

198 36.68

202 2.82

208 4.5
210 13.30

24 0.00

216 0.18

28 0.00

220 0.00

224 6.97
226 3.69

230 0.00
232 0.00

234 0.00

236 0.00

238 0.66

240 0.22

s S S S s S M
0.43 54.42  315.63 0.57 50.22  226.99  351.7%
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Similar comments apply to the FI data obtained for fresh fuel 2987
presented in table 39. Even though the relative intensities cannot be used to
provide an overall quantitative analysis of the fuel without including
sensitivity factors, the data can be used to make a comparison of relative
molar concentrations of homologues in the same series between fuels 2955 and
2987. Thus, the paraffin concentration for fuel 2955 is much higher than for
fuel 2987, as shown by the ratio of the respective +2 NMZ column sums:
351.75/2.92 = 120.5. By the same reasoning, the monocycloparaffin
concentration in the two fuels is about the same; the ratio is 226.99/210.92 =
1.08 for the 0 NMZ column sums. Fuel 2955 contains significantly lower
concentrations of dicycloparaffins (-2 NMZ) and tricycloparaffins (-4 NMZ)
than fuel 2987: 50.22/248.09 = 0.202 and 0.57/52.59 = 0.011, respectively, for
the two ratios. On the other hand, fuel 2955 contains more alkylbenzenes
(315.63/128.06 = 2.46), less benzocycloparaffins (54.42/317.44 = 0.17), and
less benzodicycloparaffins (0.43/39.97 = 0.011) than fuel 2987, as shown by
the respective sums for the -6 NMZ, -8 NMZ, and -10 NMZ columns in tables 38
and 39.

Significant differences between the compositions of the two fuels are
also apparent in the distributions of homologues in the same series. Thus,
for example, alkylbenzenes are distributed toward lower molecular weights in
fuel 2955 as compared to the distribution in fuel 2987. Other differences in
the distributions can be seen by comparing results in tables 38 and 39.

Good qualitative agreement is found when results from the FI analyses on
the two fresh fuels are compared with results from the 22-component
analyses. However, significant quantitative differences exist between the two
sets of results. Part of the discrepancy may arise from the presence of
components having carbon numbers less than twelve in relatively high
concentrations in the two fuels, as is evident from the FI data given in
tables 38 and 39. According to limitations on the 22-component analysis, only
compound types with carbon numbers in a range from C,, to C;, are correctly
analyzed.

SUMMARY AND CONCLUSIONS

Results from a study of the storage and thermal stabilities of a JP-8
fuel produced from the Great Plains Gasification Plant 1iquid by-product
streams were compared with similar results for a conventional petroleum-
derived JP-8 fuel. Initial characterization and simulated distillation data
for the two fuels indicated the coal-derived fuel contained more lower boiling
material, a slight color, a high filtration time, and a high particulate
content (the latter three properties being due to some suspended clay, most
like}g)é Nevertheless, for the most part both fuels met specification tests
for JP-8.

Both fuels exhibited good oxidation stability according to test ASTM
D 2274 with the coal-derived fuel showing less sediment and color formation
but somewhat higher peroxide content. Storage stability tests (aging at 80° C
under 100 psig oxygen) gave the same results through 3 weeks of aging.
However, between the third and fourth weeks the coal-derived fuel deteriorated
rapidly and exceeded the petroleum-derived reference fuel in color and
sediment formation as well as peroxide content.
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TABLE 39. - Analysis of fresh fuel 2987 by field ionization
mass spectrometry

08079Y. 8.7/89. ANALYSIS OF FRESH FUEL 2987 BY FI/MS

REL I MASS NZ NO./REL I
-10 -8 -5 -4 -2 0 +2

80 0.00

82 0.00

84 0.65

86 0.00
88 0.00

%0 0.00

92 2.95

9 0.00

9% 0.00

98 26.93
100 0.00
102 0.00
104 0.00
106 14.07

108 . 0.00
110 0.00
112 66.92
114 0.19
116 0.00
18 0.27
120 19.12

122 0.00

124 0.97
126 8.4

128 0.00
130 0.00

132 43.48

134 21.39

136 0.00
138 58.64
140 4.4
142 0.00
14 0.00

146 68.42

148 16.25
150 0.00

152 56.90

154 12.96

156 0.93
158 0.00

160 79.25

162 17.12

164 0.00

166 52.93
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TABLE 39. - Analysis of fresh fuel 2987 by field ionization

168
170
172
174
176
178
180
182
184
186
188
190
192
194

198
200
202

208
20

214
26
28
220

224
226

230
232
234
236
238

mass spectrometry (contd)

5.43
60.82
17.14
10.09
18.21
38.10
16.88
25.72
11.97
20.31
2.79
14.10
4.3
5.80
0.35
2.49
0.00
1.00
0.00
0.19
S st St S

39.97 317.44  128.06 5&.59
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8.80

5.99

4.18

1.42

0.00

0.00

210.92

0.45

0.46

0.00

0.4

0.46

0.00

¢.92




After separation of the coal-derived fuel into acid, base, and neutral
fractions, storage stability tests on the neutrals, neutrals + acids, neutrals
+ bases, and neutrals + acids + bases (reconstituted fuel) showed large
amounts of sediments formed after 4 weeks aging in each case with the neutrals
alone producing the largest quantity.

Both fuels easily met specifications in terms of thermal stability
testing with the coal-derived fuel showing a higher breakpoint temperature.
Extended JFTOT runs were conducted at temperatures slightly above the
breakpoint to generate filterable sediment and tube deposit samples for
analyses.

Infrared analysis of a sample of sediment from the coal-liquid derived
JP-8 fuel storage stability tests was not very definitive; however, the
spectrum was similar to that of the acid fraction separated from the fresh
fuel. Separation of the sediment sample using NIPER's HPLC acid
subfractionation method indicated the sediment was composed primarily of
carboxylic acids and difunctional acids.

Mass spectra of the filterable sediments and JFTOT-tube deposits formed
during extended thermal stressing runs of the coal-derived and
petroleum-derived fuels were remarkably similar, indicating that the same or
similar compound types were responsible for solids formation in both fuels.

When spectra of the filterable sediment from either fuel were compared
with those of the tube deposit from the same fuel, a number of similarities
were found as well as some significant differences. Both sets of spectra
showed molecular- and fragment-ion peaks for aromatic and nonaromatic
hydrocarbons and for compounds containing one to three oxygens. St*trong peaks
were observed in the spectra of the filterable sediment corresponding to
aromatic compounds containing one nitrogen. These peaks were much weaker or
absent in the spectra from the tube deposit. No spectra of the sediment or
tube deposit from either fuel showed any more than traces of sulfur-containing
compounds.

An intense, nonaromatic fragment fon containing three oxygens was
identified in the spectra of the tube deposits from both fuels. This ion was
also found in the spectra of the filterable sediments from both fuels although
its intensity was much weaker. The ion could not be correlated with a
molecular ion from any particular compound type, but it may have originated
from an alcohol, ether, or some other type that does not produce a significant
molecular fon.

A 22-component hydrocarbon type mass spectral analysis method applied to
fresh samples of the two fuels and samples of the fuels after stability
testing was not sufficiently sensitive to detect any significant changes in
the composition of either fuel. On the other hand, very significant
differences were evident in the compositions of the petroleum-derived fuel and
the coal-derived fuel when one was compared to the other. Field ionization
mass spectral analysis of fresh samples of the two fuels gave results in good
qualitative agreement with the 22-component method results. Comparison of the
two methods on a quantitative basis was not possible because of the lack of
sensitivity factors for the FI/MS data. However, the FI/MS analysis did
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indicate relatively high concentrations of components with carbon numbers less
than twelve in both fuels which are outside the range C,, to C;, for which the
22-component method is strictly applicable.

Although neither the analyses of the fresh, aged, and stressed fuels nor
the structural information obtained through mass-spectral analysis of the
filterable sediments and tube deposits led to identification of any specific
precursors responsible for solids formation in the two fuels in the study, the
results presented do demonstrate the potential of the methods for studying the
mechanisms leading to fuel degradation under conditions of high temperature,
such as those encountered in turbine engines.
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APPENDIX A

SIMULATED DISTILLATION DATA FOR JP-8
FUELS 2955 AND 2987

A-1




3iM D=2337 REPURT
SAMPLE: 2955 JP-8 JET FUEL BOTTLE#: 3
SAMPLER INJECTION @ 14:35 O0OCT (4, 1393

% OFF DEG F . % QOFF DEG F

1 246 51 373
2 233 2 491
3 271 53 434
4 277 54 4015
] 232 53 493
) 256 7.3 411
7 239 57 414
3 233 58 417
Q 299 S° 413
13 382 59 429
w1 335 51 421
12 339 82 423
13 Ji4 53 425
i 37 54 423
1S 319 55 431
18 322 56 434
L7 324 57 437
13 327 53 449
13 329 59 442
29 331 79 444
2% 333 71 445
2z 335 72 443
23 337 73 451
24 49 74 453
25 343 73 4335
2n 44 ) 457
2c 345 TV 459
35 T47 73 453
29 349 73 457
ia e 39 471
i 354 31 475
32 355 32 473
33 358 33 431
3a 351 34 433
3 353 35 435
35 355 36 453
3T 753 37 431
33 37 33 435
9 3v2 33 S8
49 3T 29 Snd
al 37 1 543
42 339 22 5.2
3 333 3 Siv
44 334 24 521
45 335 23 s27
46 237 35 53!
47 33 a7 S44
43 31 %3 5593
3 334 29 S77
o 335 FEerP 631




ASTM D-2887 REPORT
SAMPLE: JP-8 2987 BOTTLE#:3

ZAMPLER INJECTION @ 16:58 MAR 3, 19892

Y OFF DEG F % OFF DEG F
Igp 179
1 1385 51 339
2 199 92 222
3 213 53 3379
4 215 54 397
5 215 959 2329
5 213 56 439
7 2283 37 422
e 238 58 4356
3 242 59 493
% 245 58 412
P 243 61 415
12 252 52 413
13 258 53 421
14 263 54 424
12 258 65 423
15 278 66 432
17 2ve 67 433
L2 277 68 133
o3 232 69 441
za 286 76 444
21 294 71 447
22 234 72 451
23 297 73 453
z4 za1 v 455
2% 336 7S 453
2n 29 Té 461
27 14 Y 465
z3 318 78 3563
] 323 79 472
g 327 30 475
3t 332 St 473
22 335 82 432
33 237 33 439
34 341 34 438
b 345 85 431
o] 349 36 425
7 393 37 4993
3 397 38 Sa3
I3 2359 39 587
a3 3561 . 99 S11
41 253 91 515
42 354 92 S29
47 256 a3 825
34 353 94 532
45 3v2 95 5409
4% 376 J6 5483
47 374 97 553
42 332 38 574
43 3384 99 531
Sy 3387 FBP s18
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